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013.04.0Abstract In order to decrease the number of design variables and improve the efﬁciency of com-
posite structure optimal design, a single-level composite structure optimization method based on a
tapered model is presented. Compared with the conventional multi-level composite structure opti-
mization method, this single-level method has many advantages. First, by using a distance variable
and a ply group variable, the number of design variables is decreased evidently and independent
with the density of sub-regions, which makes the single-level method very suitable for large-scale
composite structures. Second, it is very convenient to optimize laminate thickness and stacking
sequence in the same level, which probably improves the quality of optimal result. Third, ply con-
tinuity can be guaranteed between sub-regions in the single-level method, which could reduce stress
concentration and manufacturing difﬁculty. An example of a composite wing is used to demonstrate
the advantages and competence of the single-level method proposed.
ª 2013 Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA.
Open access under CC BY-NC-ND license.1. Introduction
Advanced ﬁber-reinforced composites are increasingly used
in automotive, aerospace, and marine structures due to their
high stiffness-to-weight and strength-to-weight ratios. Design
of composite laminates is a discrete optimization problem
involving speciﬁcations of laminate thickness and stacking
sequence. For a large structure, the optimization composite
panel is usually divided into several sub-regions to improve
structure performance with weight reduction. The optimal9 88460402.
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16result of designing the sub-regions individually may lead
to manufacturing difﬁculties, as the stacking sequence may
not to be the same between sub-regions. The ply discontinu-
ity may lead to stress concentration and increase manufac-
turing difﬁculty, or even lack any form of structure
integrity.
Designing composite laminates for multiple panels with
stacking sequences that maintain continuity of some or all of
the ply orientation angles across adjacent panels is commonly
referred as blending.1 In order to prevent ply discontinuity,
many researchers have been studying the blending model.
Liu2,3 and Toropov et al.4 imposed continuity constraints
within a multi-level formulation, and two continuity measures
were deﬁned––material composition continuity and stacking
sequence continuity. Soremekun et al.5 used a multiple
sub-laminated and design variable zone approach to design
completely blended composite structures. Adams et al.6 used
a distributed genetic algorithm in a parallel processing
environment with migration to obtain blended designs.
Recently, Adams et al.7 achieved a blended solution using aSAA & BUAA. Open access under CC BY-NC-ND license.
Fig. 3 A tapered composite panel.
Fig. 2 Geometry of a tapered composite structure.
944 W. An et al.‘‘guide-based’’ genetic algorithm and developed two blending
models, inward and outward blending, to improve ply continu-
ity between adjacent laminates.
The application of tapered composite structures8–10 is very
common in aircraft structures, such as composite wing and ﬁn
structures, composite helicopter rotor blades, composite pro-
peller blades, etc.
A single-level composite structure optimization method
based on a tapered model is proposed in this work. For com-
posite panels, on the basis of deﬁned region and key region,
three types of design variables, i.e., ply group variable, angle
and distance variables of a ply group, are introduced to guar-
antee the optimal blending laminate conﬁgurations. Mean-
while, laminate thickness and stacking sequence can be
optimized simultaneously using the proposed method. Fur-
thermore, a master–slave parallel genetic algorithm is used to
reduce optimization time.
2. Optimization methodology based on tapered model
Fig. 1 shows the ply discontinuity between adjacent sub-re-
gions. A tapered composite structure shown in Fig. 2 en-
sures that the panel is manufacturable by allowing
controlled ply drops and consistent ﬁber angles across the
panel.
A certain composite panel shown in Fig. 3 is used to de-
scribe the characteristics of a tapered model. The whole panel
is divided into several sub-regions. Each ply originates from
the key region (the thickest region), and then extend to or
break in next adjacent sub-region, as a result of ply drops
and continuity.
Assuming there are n sub-regions in the whole optimization
region, and m plies in the key region, the optimization model is
shown as follows:
min mass fðT; h;LÞ
T ¼ ft1; t2;    ; tm=4g
h ¼ fh1; h2;    ; hm=4g
L ¼ fl1; l2;    ; lm=4g
s:t: giðT; h;LÞ 6 0ði ¼ 1; 2;    ; kÞ
tj 2 ½0; 1; 2; 3ðj ¼ 1; 2;    ;m=4Þ
hj 2 ½0;45; 45; 90ðj ¼ 1; 2;    ;m=4Þ
1 6 lj 6 nðj ¼ 1; 2;    ;m=4Þ ð1Þ
where T, h and L are the ply number, ﬁber angle and length
design variable sets of ply groups individually; tj, hj and lj
(j= 1, 2, . . ., m/4) are the number of plies, the ﬁber angle
and length indicator of ply group j; and gi(T, h, L) (i= 1,
2, . . ., k) is the structure behavior constraint, k the number
of constraints.Fig. 1 Ply discontinuity between adjacent sub-regions.On the basis of regiondivision, all plies originate from the key
region (the thickest region, Region 1 in Fig. 3). A ply can be
stopped between adjacent sub-regions. Once a ply is dropped,
it is not allowed to be added back into the panel. For a single
ply, two different indicators are introduced to incorporate opti-
mization formulations in the design process. The ﬁrst indicator
uses an integer to determine the ply’s angle, such as h= 1, 2,
3, 4 means that ﬁber angles are 0, 45, 45, 90 individually;
the second indicator uses a length integer to determine how
many regions the ply occupies: L= 2 denotes that the ply ex-
tends through the ﬁrst two regions, L= 0 denotes that the ply
does not exist, etc. To decrease the number of design variables
further, the design variable of a ply group is introduced. The
two indicators, i.e., the ﬁber angle indicator and the length indi-
cator, are applied to the ply group instead of each ply.
(1) Design variable T: a ply group. Variable T is deﬁned as a
ply group, which denotes the number of contiguous plies
with the same orientation. The number of plies cannot
exceed 4 due to the consideration of composite manufac-
ture experience. When tmax = 4, then tj2 [0,1,2,3,4],
tmax = 0 stands for empty, tmax = 1 for one ply,
tmax = 2 for two plies, tmax = 3 for three plies, and
tmax = 4 for four plies. Seen from the above formula-
tion, the number of design variables could be efﬁciently
decreased by using the ply group variable.
(2) Design variable h: the orientation of a ply group. The
dimensions of h are the same as those of T.
(3) Design variableL: the distance of a ply group.L is deﬁned
as the extending distance of a ply group.When lj = 1, the
ply group is only located in the key region. When lj = p,
the ply group extend from the key region to p sub-regions.
Therefore, the laminate conﬁgurations of non-key regions
could be described by design variable L.
A single-level composite structure optimization method based on a blending tapered model 945Table 1 details the comparison of the single-level and
conventional multi-level composite optimization
methods.
Compared with the multi-level composite structure
optimization method, the single-level method proposed
has the following advantages:Tabl
Assu
The
and(1) By using distance variables and ply group vari-
ables, the number of design variables obviously
decreases and has no connection with the density
of optimization sub-regions. The less number of
design variables could reduce the challenge of the
optimization algorithm and improve the efﬁciency
of the method. No matter how many sub-regions
the whole optimization region is divided into, the
number of design variables is constant, so the si-
ngle-level optimization method proposed in this
paper is very efﬁcient for large-scale composite
structures.
(2) It is very convenient to optimize laminate thick-
ness and stacking sequence spontaneously, which
improve the quality of optimal result. The existing
composite structure optimization approaches us-
ually adopt the multi-level strategy, which has c-
omplex operating procedures and probably affects
the quality of optimization result by weakening
the interaction between system and component
levels.
(3) The continuity of ﬁbers between adjacent sub-re-
gions can be guaranteed. The existing composite
structure optimizations often meet with conﬂict of
stacking sequence between adjacent sub-regions as
shown in Fig. 2, as the stacking sequences of panel
optimization sub-regions are optimized indepen-
dently. This conﬂict condition could induce stress
concentration, manufacturing difﬁculty and cost,
and even leads to manufacturing failure.3. Genetic algorithm (GA)
In engineering manufacture, the orientation of a ply is often se-
lected as 0, ±45 and 90 for considering manufacturing dif-
ﬁculty and cost. When the styles of a composite material are
selected, the continuous variables of ply thickness becomee 1 Comparison between the single-level and multi-level metho
mption Method Va
structure is divided into n sub-regions,
the maximum number of plies is m
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m/the discrete variables of the number of plies. It has been shown
that optimal design of composite structures is a global optimi-
zation problem, with multiple local optima and a complex de-
sign space,11 and the GA is ideal for a discrete design problem
and a multiple local optima problem.12–18
In this paper, each individual representing a single design is
coded using a digital string. The 0 ply is assigned the digit 1,
the 45 ply the digit 2, the 45 ply the digit 3, and the 90 ply
the digit 4. For example, a design [0/45/0/45/90] is coded as
[12134] in the GA, and a digital string [12134] is decoded as
[0/45/0/45/90]. The elitist selection scheme is important to
the algorithm. In this paper, an extending population made of
parent and offspring population is selected as the parent popu-
lation in next generation using a tournament strategy, which is
to increase the entering chance of better design in the next
generation.
The parallel GA19 is adopted to decrease optimization time,
which always includes three types: master–slave parallel GA,
coarse-grain GA, and ﬁne-grain GA. The master–slave GA sys-
tem is divided into one master process and several slave pro-
cesses. The master process controls the whole population and
carries on the operations of selection, crossover, and mutation.
The slave processes receive the subpopulation sent by the main
process to calculate individual ﬁtness functions, and then send
the results to the main process. Information sending and receiv-
ing are the key points in the parallel GA. Functions MPI_Send
andMPI_Recv in theMPI lib20 are used to pass information be-
tween the master and slave processes. The frame of the master–
slave parallel GA based on MPI is shown as Fig. 4.
4. Numerical examples
To demonstrate the efﬁciency of the newmethod, a simple com-
posite wing box optimization problem is presented in this sec-
tion. The objective of this optimization is to ﬁnd the lowest
weight at which the composite wing box satisﬁes several con-
straints: global stiffness constraints, local strength constraints,
buckling constraints, and composite manufacturing con-
straints. The top and bottom skin layers are the targeted design
panels. The wing box model is divided into 6 regions as in Fig. 5
while Fig. 6 details the wing section. The top and bottom skins
of the wing box in the same region have the same stacking se-
quence to simplify the optimization problem. The possible plyds.
riables in optimization The total number of design variables
stem level: (m+ 1) · n
ickness,
dimension.
mponent level:
quence,
m dimension.
y group: 3m/4
4 dimension
rientation of ply group:
4 dimension
stance of ply group:
4 dimension
Fig. 5 Region division along spanwise wing box.
Fig. 6 Geometry of the wing’s cross section.
Table 2 Material properties of T300/N5208.
E11 (GPa) E22 (GPa) l12 G12 (GPa) q(kg/m
3) tply (mm)
127.56 13.03 0.3 6.41 1577.76 0.127
Fig. 4 Frame of the master–slave parallel GA based on MPI.
946 W. An et al.orientations for the design panels are 0, ±45 and 90, while
all other panels are ﬁxed to the design of [04/454/04/454/
904]S. Table 2 shows the material properties of T300/N5208.
Where q is the density and tply the thickness of a ply.
The master–slave parallel GA presented above is used for
the wing box optimization problem. It is supposed that the ini-
tial top and bottom skins are both consisted of 100 plies. Thestacking sequence for each panel is symmetric about its mid-
plane.
Compared with 606 design variables in the multi-level opti-
mization method described in this paper, the number of design
variables of the new method is 75, of which 25 for ply groups,
25 for ﬁber angles, and 25 for covered region numbers of ply
groups. It is obvious that the number of design variables is re-
duced numerously.
Additionally, the optimal result of the conventional multi-
level optimization method is obtained by designing the regions
individually, which cannot guarantee ply continuity between
regions.
The GA code is used with a population of 400, a 0.9 prob-
ability of crossover, and a 0.05 probability of mutation. The
maximum generation is deﬁned as 300. Table 3 details the opti-
mal design of the composite skin obtained by this optimization
method. Results show that the wing root (the key region) has
the most plies, and a ply could be dropped to a thinner region,
which satisﬁes the manufacturing requirements. Therefore, for
large composite structures it is easy to get a blending design
with reduction of number of design variables using the method
proposed in this paper.
Table 3 Stacking sequences of regions after optimization.
Region Stacking sequence Number
of plies
1 [45/45/04/452/90/03/45/90/452/03/902/45/02]S 48
2 [45/45/03/45/03/90/45/02/90/45/02]S 34
3 [45/45/04/90/02/45/02]S 24
4 [45/45/03/90/02/45/02]S 22
5 [45/45/04/45/02]S 18
6 [45/45/04/45]S 14
A single-level composite structure optimization method based on a blending tapered model 947The parallel GA is performed on a high-performance blade
system. There are 21 processes used for optimization, 1 for a
master process, and 20 for slave processes. Using the parallel
GA, the optimization time has been reduced from 20 h to
about 1 h, so the parallel GA nearly obtains a linear accelera-
tion ratio.
5. Conclusions
Compared with the multi-level composite structure optimiza-
tion method, the single-level composite structure optimization
method based on a tapered model can optimize laminate thick-
ness and stacking sequence in the same level, and obviously de-
crease the number of design variables, which is very efﬁcient
for large-scale composite structures. The optimal result ob-
tained by the single-level method can guarantee ply continuity
to reduce stress concentration and manufacturing cost.Acknowledgements
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